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Highlights
•Material-level investigations are conducted on self-luminous FRP laminates.
•Circular ice-filled self-luminous FRP tubular (IFSFT) column is newly proposed.
•Self-luminous powders have little effect on the compressive behavior of IFSFT.
•Compressive strength of confined ice is increased with the number of FRP layers.
•Equations for evaluating axial bearing capacities of IFSFT columns are proposed.

Abstract
This paper proposes an innovative ice-filled self-luminous fiber-reinforced polymer (FRP) tubular
(IFSFT) column for temporary structures in cold regions. The proposed column possesses a good
combination of the advantages of FRP tube and natural ice, as well as provides itself with aesthetic
features or other service functions due to the self-luminous feature of the outer FRP tube in darkness.
This paper presents an experimental study on tensile and luminance properties of FRP laminates
modified with self-luminous powders, and axial compressive behavior of circular IFSFT stub columns
and ice-filled FRP tubular (IFFT) stub columns. Experimental results indicate that the addition of selfluminous powders into FRP composites has little influence on their tensile properties as well as axial
compressive behavior of IFSFT stub columns. Compressive strength, peak strain and elastic modulus of
the confined ice cores in IFFT and IFSFT specimens have been significantly improved compared with
those of unconfined plain ice. A simplified equation for evaluating axial bearing capacity of IFFT and
IFSFT stub columns is proposed with a reasonable accuracy.
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1. Introduction
The use of conventional building materials such as concrete has great limitations in cold regions. It is
difficult to mix, pour and cure concrete when the temperature remains below freezing point. It also
costs a lot to transport raw materials of concrete to such areas [1]. As a result, the local ice has been
used as a building material since ancient times. The well-known ice building is the igloo [2]. The world's
first ice hotel named Icehotel constructed in northern Sweden is another successful case [3]. After its
first opening in 1990, the hotel has been rebuilt each year from December to April with snow and ice
blocks taken from the nearby Torne River. There is no heating inside and the bedroom temperatures
are constantly around −5 °C. In addition, the translucent nature of ice provides itself with more
aesthetic functions than traditional building materials. Therefore, ice is also popularly used in
temporary landscape structures. For example, the people of Quebec City in Canada hold an ice
sculpture festival annually during the Quebec City Winter Carnival [4]. The Japanese city of Sapporo is
also famous for its winter carnival, and some of the ice sculptures are the size of multiple-story

buildings. The lifetime of a sculpture is determined primarily by the temperature of its surrounding
environment, which can last from a few days to several months.
Many studies (e.g., [5], [6], [7], [8], [9], [10], [11]) have been conducted on the compressive properties of ice. Ice is
a material strong in compression and weak in tension, especially at the temperature well below the
freezing point [12]. The strength of ice depends on many variables such as temperature, strain rate,
specimen size, and ice grain size [7]. The compressive strengths of artificial ice were 6.53 ± 1.44 MPa
and 6.77 ± 3.23 MPa at −10 °C under quasi-static and dynamic loading conditions, respectively [8]. To
make ice more applicable, its strength must be increased and its tendency to creep must be
diminished [2]. Materials such as alluvium [13], sand [14], fiberglass [15], and sawdust [2] were introduced
into ice as reinforcing agents. Furthermore, polyacrylamide (PAM), sodium carboxyl methyl cellulose
(SCMC), gelatin and agar were selected as gel to enhance binding force between the fibers of
newspaper used in ice, leading to the increase in compressive and flexural strengths [16]. The existing
studies confirmed that both compressive strength and deformability of reinforced ice were improved
compared with plain ice specimens. However, the extent of improving compressive strength by simply
introducing those reinforcing materials into ice is limited. Moreover, it is unavoidable for the
reinforced ice to suffer from the disturbance when it was exposed directly to the severe environment.
For example, the surrounding adverse chemicals such as chloride ion might
accelerate the melting rate of the reinforced ice, leading to the deterioration of material properties
and the reduction of the effective cross-sectional areas. Therefore, it might be unsuitable to use plain
ice or reinforced ice directly as a building material when the structure requires high bearing capacity.
Inspired by the concept of concrete-filled steel tube (CFT), a new column form termed ice-filled steel
tube (IFT) was proposed by Wang et al. [1], [17]. The test results confirmed that both compressive
strength and ductility of the ice core were improved due to the lateral confinement from the outer
steel tube. However, the axial compressive stiffness of the steel tube was much larger than that of the
inner ice, and around 80% of the axial load was carried by the steel tube. These facts weakened the
composite action between steel tube and ice core. In addition, the application of IFT columns might be
limited due to the possible corrosion of the steel tube. Therefore, a tube with relatively lower axial
compressive stiffness, which is closer to that of ice, and better corrosion-resistant properties to work
together with the inner ice is desirable.
In recent decades, fiber-reinforced polymer (FRP) composites have been widely used as an efficient
confining material for concrete due to their high strength-to-weight ratio and corrosion
resistance [18], [19]. The use of FRP tubes as both a confining jacket and a corrosion-resistant skin was
extensively explored for new constructions. For example, concrete-filled FRP tube (CFFT) is a popular
form of hybrid structural members incorporating FRP composites [20], [21], [22]. Comprehensive
researches have been carried out on the mechanical behaviors of FRP-confined concrete, including
compressive response (e.g., [23], [24], [25]), flexural behavior (e.g., [26], [27]), and seismic performance
(e.g., [28], [29], [30]). The bond behavior between FRP and concrete are also extensively studied (e.g., [31], [32]) to
prove that FRP and concrete can be bonded together and work compositely. All existing studies have
confirmed that both compressive strength and ductility of the concrete core can be significantly
increased due to the lateral confinement provided by the external FRP tubes.

Inspired by the popularity of concrete-filled FRP tubular (CFFT) column, ice-filled FRP tubular (IFFT)
column is innovatively proposed as a compression member in this study. It consists of an outer FRP
tube and the inner ice core. In the IFFT column, the lateral confinement from the outer FRP tube
causes the ice core to behave in a triaxial stress state and the ice core prevents the wall of the FRP tube
from buckling inward, leading to a great increase in the compressive strength and deformability. The
inner ice is also well protected by the external FRP tube to reduce the adverse disturbance from the
surrounding environment. For example, the ice is well insulated from heat due to the existence of the
protective skin with low heat conduction of FRP, which is about 0.35 W/(m·K) for glass fiber-reinforced
polymer (GFRP) [33]. Compared with steel tube, the FRP tube is expected to be highly durable and easier
to be transported due to its excellent corrosion resistance and the lightweight nature. In addition, the
compressive stiffness of the FRP tube is much smaller than that of the steel tube with the same
thickness. Therefore, the FRP tube will provide more efficient confinement to the ice core instead of
directly sharing a substantial proportion of the axial load as the steel tube. The composite action
between the FRP tube and the inner ice is expected to be more remarkable than that observed
between the two parts in the ice-filled steel tubular (IFT) columns. Other advantages of the IFFT
column include: (a) low cost since ice is easily obtained in cold regions; (b) Environmentally friendly
because ice is a clean material which turns into water after melting without any pollution; and (c)
complete elimination of the need of formwork.
In addition to improving the bearing capacity of the composite columns through confinement, FRP
composites also provide an ideal platform for a multifunctional integrated design [34]. Apart from the
mechanical properties, more functions of FRP composites such as damage self-sensing properties
(e.g., [35], [36], [37], [38]) can be integrated into individual structural components. In addition, the selfluminous function of GFRP composites was innovatively proposed and realized by Bai et al. [34] by
adding self-luminous powders to a translucent resin. A series of well-designed tests including tensile
tests, luminance experiments, and scanning electron microscopy (SEM) imaging, were conducted in
their studies. The test results confirmed that the translucent resin mixed with self-luminous powders
was feasible to serve as the matrix of GFRP composites. The wet layup approach was used to produce
such self-luminous GFRP composites without loss of mechanical properties, in contrast with normal
composites prepared with the same method [34]. However, their study [34] was limited to material
properties. Self-luminous FRP composites used in structural components have not been studied.
Combining the concepts of self-luminous FRP composites and the proposed IFFT columns, this paper
proposes a new column form, i.e., ice-filled self-luminous FRP tubular (IFSFT) column, as a structural
component for constructions in cold regions. In addition to the excellent mechanical advantages listed
above for IFFT column, the IFSFT column has its unique functional advantages over the IFFT column.
During the daytime, the sunlight energy is absorbed by the outer self-luminous FRP tube. At night, the
column will light up without extra electric energy, providing the whole structure with additional
architectural and aesthetic functions. Therefore, the temporary landscape buildings in cold regions
might be built up using the proposed IFSFT members. In China, the most famous event is the
increasingly popular International Ice and Snow Sculpture Festival held annually in Harbin [39]. The
proposed IFSFT members might be good substitutes for ice sculptures and ice lanterns displayed during
the festival due to the innovative combination of ice and self-luminous FRP tubes. In addition, the IFSFT
column can be constructed at specific locations as an important warning or safe guidance system. For

example, a lighthouse built with IFSFT members can light up at night to serve as a navigational aid in
cold regions. Furthermore, the translucent nature of ice is beneficial to the light penetration from one
side of the column to another. With the advantages of the self-luminous FRP composites and the
distinct feature of ice, the IFSFT column has great potential to be used in the construction of the
temporary buildings in cold regions.
The aim of this paper is to propose an innovative IFSFT column and to verify its possibility as a
compression and self-luminous functional member for the structures built in cold regions. The material
properties of self-luminous FRP laminates including tensile properties, luminance properties and
microstructure characterization were experimentally evaluated at first. Then a series of circular stub
columns including nine IFSFT specimens, nine IFFT specimens and three plain ice specimens were
prepared and tested to investigate the axial compressive behavior of the proposed stub columns. The
test variables were the thickness of FRP tubes and the presence or absence of self-luminous powders
in FRP tubes. An equation was also proposed to evaluate the axial bearing capacity of IFFT and IFSFT
stub columns.

2. Experimental program
The experimental program in this study includes two parts: the material properties tests for selfluminous FRP laminates and the experimental investigation of compressive behavior of circular IFSFT
stub columns under monotonic axial compression, which will be described in detail in the following
sections.

2.1. Self-luminous FRP laminates
2.1.1. Materials
Glass fiber has an advantage of lighter color over other types of fibers, such as carbon or basalt fibers,
to be used for self-luminous FRP laminates. Unidirectional glass fiber fabric with an areal density of
400 g/m2 (0.157 mm thick) was used as the reinforcement for FRP in this study. According to the data
provided by the manufacturer, the elastic modulus, ultimate strength and ultimate tensile strain of the
fabric are 72 GPa, 1980 MPa and 2.5%, respectively. Epoxy resin of the main agent SWANCOR 2511-1A
and the curing agent SWANCOR 2511-1BS with a weight ratio of 100 (main agent) to 30 (curing agent)
was used as the matrix system due to its good light transmittance property. To realize the selfluminous function, the yellow-green photoluminescent pigment powders with a particle size around
100 μm (obtained from Guangzhou Zhongming Chemical Technology Co., Ltd., China) were used as
self-luminous fillers in the matrix of the self-luminous FRP laminates.
Self-luminous FRP laminates were prepared with wet layup method in this study. Firstly, the selfluminous powders (40 or 80% of the epoxy resin weight) were dispersed into the preheated (at 60 °C
for 5 min) main agent of epoxy resin by a mechanical stirrer at high speed (1500 r/min) for 10 min to
get a slurry-like mixture. The purpose of preheating the main agent was to promote dispersion of selfluminous powders in the resin. Secondly, the curing agent was added and mixed via stirring at low
speed (500 r/min) for 10 min to get the powders/epoxy mixture after the mixture was cooled to the
room temperature. The aim of low speed stirring was to release air bubbles. Because the density of the
self-luminous powder is larger than that of the epoxy resin, a relatively long stirring time (10 min in this
study) was required to ensure that the powder was fully dispersed in the matrix. Finally, the prepared

self-luminous powders/epoxy mixture was uniformly applied into a unidirectional glass fiber fabric with
given layers, and self-luminous FRP laminates were fabricated by wet layup technique. All laminates
were pre-cured at room temperature for 24 h followed by a post-cure for an additional 26 h at 60 °C.
2.1.2. Tensile tests
Tensile tests for both normal and self-luminous FRP laminates were conducted by following ASTM
D3039/D3039M-17 [40] to determine the tensile properties. The FRP laminates made of two layers of
unidirectional glass fiber fabric were cut into flat coupons with required dimensions (250 mm in length
and 15 mm in width). Aluminum tabs (56 mm long and 15 mm wide) were bonded onto both ends of
each coupon to avoid premature damage in these locations. The main parameter was the weight ratio
(0, 40% and 80%) of the self-luminous powders to the epoxy resin. The testing specimens were named
as T0, T40 and T80, respectively, which started with letter T standing for tensile testing, followed by a
number representing the weight ratio of the self-luminous powders. Five coupons were tested for each
type of specimens. Fig. 1 shows three typical tensile coupons of FRP laminates without tabs captured in
dark. It was observed that the two self-luminous specimens emitted yellow-green light in dark due to
the presence of the yellow-green photoluminescent pigments as the self-luminous powders. The
luminance was enhanced with the increasing weight ratio of self-luminous powders.

Fig. 1. Tensile coupons of FRP laminates without tabs captured in dark.
2.1.3. Luminance tests
The FRP laminates with four layers of unidirectional glass fiber fabric were prepared and cut into
50 × 50 mm2 squares for the luminance testing. Three types of specimens L0, L40 and L80 modified by
0, 40% and 80% weight ratios of self-luminous powders, respectively, were investigated. Prior to the
luminance testing, all specimens were placed in a dark box for three days to exhaust the light energy
stored in the specimens. According to German standard DIN 67,510 Part 1 [41], all specimens were
activated at 1000 lx by placing the specimens in a standard light box for 20 min. The value (1000 lx) is
equal to the illumination level of natural light during an overcast day. And the value of daylight (not
direct sunlight) is about 10,000–25,000 lx [42]. The LS-100 digital luminance meter was used to measure
the luminance value of specimens after activation. Luminance values were monitored twice in the first
minute, once per minute in the following 4 min, then once per 5 min in the next 30 min and finally
once per 10 min in the last 40 min. The luminance monitoring lasted for 75 min in total.

2.1.4. Microstructure tests
The morphologies of the self-luminous powders and self-luminous FRP laminates were investigated by
a scanning electron microscope (SEM) (Nova NANOSEM450, FEI Inc., USA). The specimens with 40%
and 80% weight ratios of self-luminous powders, respectively, were prepared from the rupture
sections of the tensile specimens. Three samples were scanned for each series of specimens modified
with the same weight ratio of self-luminous powders. The surfaces of the specimens were gold coated
using an ion sputter equipment to enhance their conductance before the SEM observation.

2.2. Circular IFSFT stub columns
2.2.1. Specimens
A total of 21 circular stub columns were prepared and tested under monotonic axial compression,
including nine IFFT specimens, nine IFSFT specimens and three plain ice specimens. All specimens had a
nominal diameter (i.e., the diameter of ice core) of 150 mm and a height of 300 mm. The test variables
included the thickness of FRP tube (i.e., one ply, two plies and three plies of fiber fabric, respectively)
and the presence or absence of self-luminous powders in FRP tubes. In order to investigate the axial
compressive behavior of IFSFT specimens with a relatively large weight ratio of self-luminous powders,
epoxy resin used for self-luminous FRP tubes was modified by 80% weight ratio of self-luminous
powders. Three nominally identical specimens were tested for each series. Details of the specimens are
summarized in Table 1. Each specimen was given a name, which started with I, IF, or ISF to represent
the specimen types (i.e., plain ice columns, IFFT columns, and IFSFT columns, respectively), followed by
a number representing the number of plies of fiber fabric in FRP tubes. The Roman numerals at the end
of each specimen name were used to differentiate three nominally identical specimens. In order to
accurately evaluate the axial bearing capacity of FRP tubes in the IFFT and IFSFT specimens, two FRP
rings with a height of 50 mm were cut from each type of FRP tubes and tested under axial compression
according to the standard GB/T 5350-2005 [43]. The FRP ring specimens were labeled as FRx for normal
FRP rings and SFRx for self-luminous ones, and × represented the number of fiber fabric plies (1, 2 and
3, respectively) in FRP tubes. The constituent materials (i.e., unidirectional glass fiber fabric, epoxy
resin and self-luminous powders) of both normal and self-luminous FRP tubes are the same as those
described in the previous section of Self-luminous FRP laminates.

Table 1. Specimen details and test results.
Series

I0

Specimen

FRP tubes
Ply

t (mm)

tf (mm)

ω (%)

Test results
Ne (kN)

Average Ne (kN)

Average Nf (kN)

𝑁𝑒
𝑁𝑖 + 𝑁𝑓
–

I0-I
–
–
–
–
51.5
51.3 (Ni)
–
I0-II
51.5
I0-III
50.8
IF1
IF1-I
1
0.157
0.94
0
154.9
154.9
22.1
2.11
IF1-II
156.7
IF1-III
153.3
ISF1
ISF1-I
1
0.157
1.10
80
163.1
162.4
22.1
2.21
ISF1-II
161.0
ISF1-III
163.0
IF2
IF2-I
2
0.314
1.98
0
212.1
208.9
49.6
2.07
IF2-II
211.0
IF2-III
203.4
ISF2
ISF2-I
2
0.314
2.30
80
224.2
218.4
51.5
2.12
ISF2-II
219.0
ISF2-III
212.1
IF3
IF3-I
3
0.471
2.51
0
283.3
275.0
64.0
2.39
IF3-II
270.0
IF3-III
271.8
ISF3
ISF3-I
3
0.471
3.05
80
269.5
266.0
61.9
2.35
ISF3-II
273.0
ISF3-III
255.6
Note: t is the nominal thickness of FRP tubes; tf is the actual thickness of FRP tubes; ω is the weight ratio of self-luminous powders; Ne is the
ultimate load capacity of the columns; Nf is the ultimate load capacity of FRP rings; Ni is the ultimate load capacity of plain ice columns.

The major preparation processes of plain ice columns are shown in Ref. [17]. Firstly, one end of a PVC
tube with a height of 300 mm and an inner diameter of 150 mm was adhered to a circular waterproof
board with a diameter of 200 mm to make a formwork. Secondly, four hollow plastic hoses with an
inner diameter of nine mm were placed in the PVC tube. The bottom of each hose was sealed. The
internal pressure, which was caused by volume expansion during the water freezing process, was
partly released by squeezing the void of the hoses to reduce the cracks in the ice core. Thirdly, the
specimen was placed in the refrigerator at −15 °C for 48 h after pouring adequate water into the PVC
tube. Finally, the top surface of the specimen was ground to be smooth and the formwork was
removed. Both ends of each plain ice specimen were reinforced by five layers of duct tape with a width
of 45 mm to avoid possible premature damage at the specimen’s ends during the compression test.
Both normal and self-luminous FRP tubes, with an inner diameter of 150 mm and a height of 300 mm,
were prepared using wet layup techniques. Epoxy resin used for self-luminous FRP tubes was modified
by 80% weight ratio of self-luminous powders. All FRP tubes were manufactured by wrapping the
designed plies of unidirectional fabrics on a steel mold with the fiber oriented in the hoop direction
and an overlapping zone of 150 mm to prevent premature debonding failure. Each FRP tube was
provided with additional confinement at both ends using a 2-ply GFRP strip with a width of 35 mm to
avoid possible local failure during the compression test. After FRP tube was removed from the mold,
both ends were ground to be flat. The procedures to make IFFT and IFSFT specimens including
adhering of end-plate, placement of four plastic hoses, and freezing in the refrigerator, were identical
to those of plain ice specimens. Finally, the end-plate was removed, and the top surface of the
specimen was ground to be smooth. The main preparation processes of IFFT and IFSFT specimens are
shown in Fig. 2.

Fig. 2. Preparation of IFFT and IFSFT specimens: (a) FRP tubes; (b) placement of hoses; and (c) IFFT and
IFSFT specimens.
Both normal and self-luminous FRP tubes without and with ice core, respectively, were captured in
dark, as shown in Fig. 2. Compared with normal FRP tube, self-luminous FRP tube emitted yellow-green
light due to the modification of photoluminescent powders, thus achieving aesthetic and
multifunctional design such as warning or safe guidance. In addition, the translucent nature of ice
contributed to easier light penetration from one side of the column to another. Therefore, the
luminescent property of the resulting IFSFT column (Fig. 2c) was close to that of the hollow selfluminous FRP tube (Fig. 2a), which confirmed the advantageous features of the IFSFT column as

expected and the great potential to serves as a structural and functional compression member in cold
regions.
2.2.2. Test setup and instrumentation
All specimens were tested under uniaxial compression by a hydraulic servo pressure testing machine
with 3000 kN capacity. Displacement control was used with a loading rate of 1.5 mm/min. The
experimental tests were carried out in January 2018 in Dalian (a northern city of China). All doors and
windows of the laboratory were kept open before and during the testing. The ambient temperature
inside the laboratory during the testing was around −5 °C. Two insulating plates (illustrated in Fig. 3a)
were placed at both ends of all specimens to prevent the heat exchange between the testing machine
and the specimens.

Fig. 3. Layout of test instrumentation: (a) loading apparatus and LVDTs; and (b) strain gauges.
For each IFFT or IFSFT specimen, four axial strain gauges and four hoop strains with a gauge length of
20 mm were installed at the mid-height of the specimen. One pair of strain gauges were placed within
the overlapping zone and other three were symmetrically distributed and evenly spaced at 90° outside
the overlapping zone. Silicon rubber was applied on the surface of strain gauges for waterproofness
during the freezing process. In addition, the total shortening of the specimen was measured using two
linear variable displacement transducers (LVDTs) at 180° apart for all specimens. Layout of test setup
and the locations of strain gauges on the specimens are shown in Fig. 3. All test data including strains,
loads, and shortenings were recorded simultaneously by a data acquisition system.

3. Results and discussions
3.1. Material properties of self-luminous FRP laminates
3.1.1. Tensile properties
All tensile coupons with and without self-luminous powders failed reasonably far from the vicinity of
the two end aluminum tabs. Both the normal (i.e., T0) and self-luminous (i.e., T40 and T80) tensile
coupons exhibited approximately linear-elastic load vs. displacement responses up to failure. Due to
the limitation of the hand layup process, the thickness of the specimens cannot be precisely controlled.
In order to better evaluate the tensile properties of the specimens, the tensile stress was calculated
from the load on the basis of the nominal thickness of glass fiber fabrics. An extensometer was gauged
within 50 mm of each specimen’s center to measure the average strain. The tensile properties of

testing specimens with and without self-luminous powders, including elastic modulus, tensile strength
and ultimate strain, are shown in Fig. 4. There was only a slight decrease in the tensile properties of
FRP laminates with the increasing weight ratio of self-luminous powders since the major load was
carried by the glass fibers. Compared with specimen T0, the averages of elastic modulus, tensile
strength and ultimate strain of specimen T80 were only reduced by 0.28% (from 72.2 to 72.0 GPa),
5.07% (from 1850.5 to 1756.6 MPa), and 4.84% (from 2.48% to 2.36%), respectively.

Fig. 4. Tensile properties of FRP laminates: (a) elastic modulus; (b) tensile strength; and (c) ultimate
strain.
It should be noted that the tensile properties of FRP laminates might be affected by the low
temperature in cold areas. In fact, many studies have been conducted on mechanical properties of FRP
composites under cryogenic service conditions [e.g., 44–47]. The mechanical and thermal properties of
various FRP composites at temperatures varying from 4 K (-269.15 °C) to 295 K (21.85 °C) were
reviewed by Reed and Golda [44] and Schutz [45], which revealed that the material properties of FRP
composites tended to be improved with the decreasing temperature. The tensile tests conducted by
Nardone et al. [46] showed that the tensile strength and elastic modulus of GFRP coupons were slightly
increased when the temperature was dropped from 36 to −15 °C; while the ultimate tensile strain
remained almost constant. Based on these researches, the tensile properties of GFRP coupons
obtained at room temperature in this study might be different from those of GFRP composites tested
under the same temperature level (i.e., −5 °C) as the compression tests on composite columns.
However, the discrepancy is believed to be small because the temperature range is relatively small
according to the references [46], [47]. Therefore, the influence of low temperature on the tensile
properties of GFRP composites was ignored in the present study, which is probably on the conservative
side.
3.1.2. Luminance properties
No luminance values were observed for the specimen L0 without self-luminance powders. The
luminance results of self-luminous specimens L40 and L80 are exhibited in Fig. 5. As illustrated in Fig.
5a, the luminance values of specimens L40 and L80 started from 1799 and 3714 mcd/m2 at 0.5 min
after activation, respectively. The luminance values of both specimens reduced rapidly from their initial
values to 246 mcd/m2 (89.0% reduction) for L40 and 476 mcd/m2 (89.8% reduction) for L80 in the first
10 min. However, a far slower decline rate was observed in the following 65 min. The final luminance
values measured at 75 min for L40 and L80 were 51 and 94 mcd/m2, respectively. The overall
luminance vs. time curves exhibited a hyperbola-shaped response. As shown in Fig. 5b, a nearly linear

relationship between luminance and time was observed in a log–log plot. Therefore, the prediction of
luminance value beyond the observation time can be achieved based on the linear extrapolation.

Fig. 5. Luminance results of specimens L40 and L80: (a) relationship between luminance and time after
activation; and (b) linear fitting between logarithm of luminance and logarithm of time.
Fig. 6 shows the relationship between the luminance of FRP laminates and the corresponding weight
ratio of self-luminous powders (40 and 80%, respectively) at various times after activation. The
luminance values of FRP laminates were nearly linearly enhanced with the increasing weight ratio of
self-luminous powders (from 0 to 80%) at various times. In accordance with the PSPA standard [48], 0.3
mcd/m2 is the minimum value of the luminance as Class I (the highest level) photoluminescent
materials. 73,940 min (about 1232 h) for specimen L40 and 144,263 min (about 2404 h) for L80 are
considered as the luminance decay time of the laminates, which can be solved by the logarithmic
extrapolation in Fig. 5b when the luminance is decreased to 0.3 mcd/m2 after activation. According to
the linear fitting in Fig. 5b and the relationship in Fig. 6, the weight ratio of self-luminous powders in
the self-luminous FRP laminates is about 1.3% when its luminance decay time is 12 h (i.e., over one
night). Therefore, self-luminous FRP laminates can be used as both self-luminous functional materials
and structural materials, which will have a wide range of potential applications in the infrastructures.

Fig. 6. Relationship between luminance of FRP laminates and weight ratio of self-luminous powders at
different time periods.
3.1.3. Microstructure characterization
It was observed that the specimens with the same content of self-luminous powders presented similar
microstructures. Therefore, only one representative SEM image from each series of specimens is
shown in Fig. 7. The self-luminous powders have irregular shapes as shown in Fig. 7a. The particle size
was within a range of 80–140 μm, which was obviously larger than the diameter of the glass fibers.
Therefore, almost no self-luminous particles were observed within the glass fiber layer, while the
spaces between two glass fiber layers were rich in self-luminous particles. Self-luminous powders were
well dispersed into the epoxy resins of both self-luminous FRP laminates. The continuity of glass fiber
layers of two FRP laminates was still well maintained after introducing 40% or 80% weight ratio of selfluminous powders. This explains why the tensile properties of FRP laminates with and without selfluminous powders were close to each other.

Fig. 7. SEM images of (a) self-luminous powders; (b) specimen L40; and (c) specimen L80.

3.2. Axial compressive behavior of circular IFSFT stub columns
3.2.1. Failure modes
The typical failure mode of plain ice specimens is shown in Fig. 8. The development of cracks in plain
ice specimens was divided into three stages: (1) no cracks appeared on the surface at the initial
stage; (2) major cracks developed along the longitudinal direction when approaching the peak load;
and (3) ice crushed after fast development of cracks at the end of the loading. Major longitudinal
cracks were developed from top to bottom in each ice column, accompanied with a big dilation at the
mid-height regions.

Fig. 8. Typical failure mode of plain ice specimens.
The typical failure modes of IFFT and IFSFT specimens, as well as the corresponding ice cores, are
shown in Fig. 9. There were no significant distinctions in the failure modes between IFFT specimens
and the corresponding IFSFT specimens. All IFFT and IFSFT specimens failed by the rupture of FRP tubes
under hoop tension near the mid-height region, accompanied with a loud noise when the ultimate
state was reached. After removing the outer FRP tube, outward dilation of the ice core was observed
behind the rupture zone of FRP tube and some minor longitudinal cracks were found in this zone.
However, few cracks were observed away from the dilation zone due to the efficient confinement of
the outer FRP tube. In contrast to the unconfined plain ice specimens, the number, length and width of
the cracks in the ice cores were greatly reduced in IFFT and IFSFT specimens.

Fig. 9. Typical failure modes of IFFT and IFSFT specimens and corresponding ice cores.
3.2.2. Axial load vs. Strain response
The axial load vs. axial strain responses of plain ice specimens are shown in Fig. 10. The axial strains
were obtained by using the LVDTs’ readings divided by the initial height of the specimens. When the
axial load was less than 30% of the peak load, the load increased linearly with the axial strain, and no

cracks were observed in this stage. Then minor cracks appeared randomly on the surface of the
specimens followed by the increasing number and width of cracks. When the load reached around 80%
of the peak load, the rapidly developed cracks parallel to the longitudinal direction penetrated each
other. Major longitudinal cracks were formed at the peak load. The average load capacity of three plain
ice specimens is 51.3 kN (2.9 MPa in strength). The axial strain corresponding to the peak load is 0.76%,
which is much larger than that observed in standard concrete cylinders tests (around 0.2%). The
increase of axial strain accelerated after entering the descending branch. The width of major cracks
continued to increase, leading to the rapid development of transverse deformation. The compression
test was stopped when the axial load dropped to around 70% of the peak load. Remarkable dilation
was observed in the mid-height region of plain ice specimens and some small ice pieces fell off from
the ice body at the ultimate state.

Fig. 10. Axial load vs. strain curves of plain ice specimens.
For concrete-filled FRP tubular (CFFT) columns, the direct contribution of FRP tubes with the fiber
oriented in the hoop direction to the axial load resisted by the columns is negligible since the
compressive stiffness of FRP tubes is much smaller than that of concrete core. However, ice is a weak
material and the elastic modulus of unconfined ice is 0.58 GPa obtained from Fig. 10, while the elastic
modulus of normal concrete is generally around 30 GPa. Therefore, it is necessary to investigate the
axial bearing capacity of outer FRP tubes in IFFT or IFSFT specimens.
Hollow FRP tubes with a height of 300 mm were unsuitable to be directly tested under axial
compression to reflect the mechanical performance of outer FRP tubes in composite columns because
significant buckling deformation of hollow FRP tubes would happen during the test. However, FRP
tubes in IFFT or IFSFT specimens would not suffer significant buckling during axial compression testing
due to the support from the ice core. According to the standard GB/T 5350-2005 [40], six pairs of FRP
rings with a height of 50 mm were prepared and tested under axial compression. The axial load vs.
axial strain curves of normal and self-luminous FRP rings are shown in Fig. 11. The axial load vs. strain
curves of all FRP rings were composed of ascending and descending branches. The load capacities of
FRP rings improved with increasing thickness of FRP rings. The axial load vs. strain responses of selfluminous FRP rings were generally close to those of normal FRP rings with the same thicknesses. The
peak load of 3-ply FRP rings (over 60.0 kN) was even larger than that of plain ice specimens (i.e., 51.3

kN), which confirmed that the axial bearing contribution of FRP tubes should not be ignored when
calculating the axial bearing capacities of IFFT and IFSFT specimens.

Fig. 11. Axial load vs. strain curves of FRP rings.
The axial load vs. strain curves of IFFT and IFSFT specimens are shown in Fig. 12. The hoop strains were
obtained by averaging the readings of three hoop strain gauges outside the overlapping zone (shown
in Fig. 3b). The hoop rupture failure of FRP tubes occurred when reaching the peak loads of composite
columns, accompanied with the damage of strain gauges attached to FRP tubes. The axial strains were
obtained based on the overall shortening measured from two LVDTs. The readings from axial strain
gauges were not used in the analysis because they might not closely reflect the whole strain states of
the specimens due to possible slippage between FRP tubes and ice core, especially after the
remarkable damage of the inner ice near the ultimate state of the specimens.

Fig. 12. Axial load vs. strain curves of IFFT and IFSFT specimens.
The IFFT and IFSFT specimens had monotonically ascending axial load vs. axial strain responses
characterized as an approximately bilinear shape before the rupture of FRP tubes. Both the peak load
and the corresponding axial strain of IFFT and IFSFT specimens were much larger than those of plain ice
specimens. Overall, the axial load vs. hoop/axial strain responses of IFFT and IFSFT specimens with the

same plies of fiber fabric in FRP tubes were close to each other, which indicated that the modification
of self-luminous powders into FRP tubes had little effect on the axial compressive behavior of the
composite columns.
3.2.3. Composite action
Typical axial load vs. axial strain curves of plain ice columns, FRP rings, superposition of plain ice
columns and FRP rings, and IFSFT columns are shown in Fig. 13. The axial load vs. strain responses of
IFFT columns are not plotted in this figure since they are close to those of IFSFT columns. For plain ice
columns, specimen I0-II was selected as representative. For FRP rings, SFR1-II, SFR2-III and SFR3-III
were selected as representatives. For IFSFT specimens, ISF1-I, ISF2-III and ISF3-III were selected as
representatives. It should be noted that the superposition of the two axial loads from plain ice columns
and FRP rings was achieved based on their same axial strains instead of axial shortenings because of
the difference in initial height between plain ice specimens (300 mm) and FRP rings (50 mm).
Compared with the superposition results of plain ice columns and FRP rings, the initial stiffness and
especially the peak load of IFSFT specimens were greatly improved, which confirmed that there existed
significant composite action between FRP tube and ice core. The ultimate load capacity Ne of IFFT or
IFSFT columns was over twice as large as the summation of the peak load of plain ice specimen Ni and
FRP ring Nf, as shown in Table 1. The remarkable composite action is attributed to the effective
confinement from FRP tube, which caused the ice core to behave in a triaxial stress state, and that the
inward local buckling of FRP ring was either delayed or suppressed by the dilation of the inner ice.

Fig. 13. Composite actions of typical IFSFT specimens.
3.2.4. Stress vs. strain response of confined ice
The axial loads resisted by IFFT and IFSFT columns were simultaneously shared by FRP tubes and ice
cores. Based on static equilibrium and deformation compatibility, the axial load vs. strain responses of
confined ice can be obtained after subtracting the axial loads of outer FRP tubes from the total loads
resisted by IFFT or IFSFT columns corresponding to the same axial strain. In this study, the axial load vs.
axial strain responses of FRP rings were used to reflect the compressive behavior of FRP tubes in IFFT

and IFSFT specimens, with the simplified assumption that outer FRP tubes in the composite columns
had the same load vs. strain responses as FRP rings tested alone under axial compression. It should be
admitted that there is a little difference in the stress state between FRP rings tested alone and FRP
tubes in the composite columns under axial compression, as the latter also suffer from hoop tension,
causing some decreases in the axial compressive strength. Based on this simplification, the axial load
vs. strain responses of confined ice could be achieved. The axial stress of the confined ice, assumed to
be uniform within its cross section, can then be obtained by dividing the deduced load by its crosssectional area, and then the axial stress vs. axial strain curves of confined ice were obtained, as shown
in Fig. 14. The axial stress vs. axial strain response of FRP-confined ice featured a bilinear shape. The
softening branches of the curves of confined ice started approximately corresponding to the peak axial
strain of unconfined plain ice columns (i.e., 0.76%), which were similar to those of FRP-confined
concrete. Compared with unconfined plain ice columns, both the strength and the corresponding axial
strain of FRP-confined ice were obviously improved. In order to simultaneously evaluate the lateral
dilation behavior of confined ice in composite columns, the axial stress vs. lateral strain responses of
confined ice were also shown in Fig. 14. Assuming there exists deformation compatibility between the
lateral dilation of the ice core and the hoop tension of outer FRP tube before the rupture of FRP tube,
the lateral strain of confined ice and the hoop strain of the FRP tube are always equal in magnitude.
Overall, the axial stress vs. lateral/axial strain curves of ice core confined by normal and self-luminous
FRP tubes with the same plies of fiber fabric were close to each other, which indicated that the
addition of 80% weight ratio of self-luminous powders into FRP tubes had little impact on the stress vs.
strain responses of confined ice. Details of the strength and ultimate strain of confined ice in IFFT and
IFSFT specimens, as well as the hoop rupture strain of FRP tubes, are summarized in Table 2.

Fig. 14. Axial stress vs. strain curves of confined ice in IFFT and IFSFT specimens.

Table 2. Test results of confined ice and FRP tube.
εiu (%) Average εiu (%) 𝜀𝑖𝑢 εh,rup (%) Average εh,rup (%) 𝜀ℎ,rup
𝑓𝑖𝑐'
𝜀𝑖𝑜
𝜀𝑓
𝑓𝑖𝑜'
IF1
IF1-I
7.66
7.58
2.61 2.35
2.17
2.85 1.45
1.44
0.58
IF1-II
7.64
2.09
1.35
IF1-III
7.44
2.09
1.51
ISF1
ISF1-I
7.90
7.77
2.68 2.29
2.16
2.83 1.34
1.39
0.59
ISF1-II
7.90
2.42
1.40
ISF1-III
7.52
1.76
1.42
IF2
IF2-I
9.36
9.13
3.15 1.90
2.01
2.63 1.50
1.39
0.56
IF2-II
9.12
2.26
1.40
IF2-III
8.90
1.87
1.28
ISF2
ISF2-I
9.25
9.21
3.17 1.87
1.93
2.52 1.33
1.31
0.56
ISF2-II
9.22
1.88
1.35
ISF2-III
9.15
2.03
1.25
IF3
IF3-I
12.95
12.37
4.26 1.93
2.01
2.63 1.36
1.25
0.51
IF3-II
12.00
2.09
1.23
IF3-III
12.16
2.02
1.18
ISF3
ISF3-I
11.83
11.96
4.12 2.37
2.05
2.69 1.19
1.25
0.53
ISF3-II
12.57
1.84
1.38
ISF3-III
11.47
1.94
1.18
'
'
Note: 𝑓𝑖𝑐 and εiu are the strength and the ultimate strain of confined ice, respectively; 𝑓𝑖𝑜 and εio are the strength and the corresponding
peak strain of unconfined plain ice, respectively; εh,rup is the hoop rupture strain of FRP tube; εf is the ultimate strain of FRP flat coupon.
Series Specimen 𝑓𝑖𝑐' (MPa) Average 𝑓𝑖𝑐' (MPa)

Fig. 15a shows the initial elastic modulus of unconfined and FRP-confined ice. The elastic modulus of
unconfined plain ice was 0.58 GPa obtained from Fig. 10, while the elastic modulus of FRP-confined ice
was almost constant (around 0.84 GPa) regardless of the difference in the number of plies of fiber
fabric (referred to hereafter as FRP layer for short) and the modification of self-luminous powders in
FRP tubes, which was 1.45 times that of unconfined plain ice. By contrast, the elastic modulus of FRPconfined concrete in CFFT columns is almost identical to that of unconfined concrete [49]. The
difference can be explained by the natural distinction between concrete and ice as following. Firstly,
ice is a defect-sensitive material and the natural defect in ice can be dramatically remedied by the
external confinement, which is the major difference compared to concrete, leading to a significant
increase in the elastic modulus of ice confined by FRP tubes. Secondly, the volume of ice will expand
during the freezing process. By contrast, volume shrinkage occurs during the hardening process of
normal concrete in air. Although the hollow plastic hoses were placed in FRP tube, as a design goal to
produce a high-quality specimen by releasing the pressure due to the expansion of ice during freezing,
a small amount of radial pressure due to ice expansion might still exist between ice and FRP tubes prior
to the compression test, which also leads to a slight increase in the elastic modulus of ice, just like
prestressed FRP-confined concrete or FRP-confined expansive concrete [50], [51].

Fig. 15. Comparisons of (a) elastic modulus, (b) compressive strength and (c) peak strain of unconfined
and confined ice.
The axial compressive strength and the corresponding peak strain of unconfined and confined ice are
shown in Fig. 15b and c. The compressive strengths of confined ice were dramatically enhanced
compared with those of unconfined plain ice, and approximately linearly increased with the number of
FRP layer in FRP tubes within the range investigated in this study. The ultimate (also peak) strains of
confined ice were not significantly influenced by FRP layer in FRP tubes, while those strains were
remarkably improved compared with the peak strains of unconfined plain ice. It is worthwhile to
mention that the peak strains of the ice core confined by 1-ply FRP layer achieved the largest values
among the scenarios with different FRP layers, while the peak strains confined by 2-ply and 3-ply FRP
layers were decreased by around 7% compared with the test results of specimens with 1-ply FRP layer.
This phenomenon might be explained as follows. Firstly, for FRP-confined concrete, it has been well
understood that a larger hoop rupture strain of FRP jacket would generally lead to a larger ultimate
axial strain of confined concrete [52]. The hoop rupture strains εh,rup of the specimens within IF1 and
ISF1 series have the largest values among different groups (Table 2). If the ice is regarded as a type of
‘weak concrete’, the peak strains of the ice core confined by 1-ply FRP layer in this study would tend to
be relatively large. Secondly, the scatters in peak strains are more likely to be observed in the test

results of ice due to its more complex nature than that of concrete, and more experimental
investigations and theoretical analysis are required in the future study to reach a more valid
conclusion. Moreover, in terms of the effect of the introduction of self-luminous powders, the elastic
modulus, compressive strength and ultimate strain of confined ice in IFFT and IFSFT specimens with the
same FRP layer in FRP tubes were observed to be close to each other, which revealed that the
introduction of self-luminous powders in FRP tubes has little influence on the compressive properties
of confined ice.

4. Axial bearing capacity of circular stub columns
Considering that adding self-luminous powders into FRP tubes has little influence on axial compressive
behavior of IFSFT specimens, one calculating equation is proposed in this study to evaluate axial
bearing capacity of circular IFFT and IFSFT stub columns. As shown in Fig. 13, FRP tubes share a
considerable part of the axial load resisted by the composite specimens, and its contribution should be
considered in the calculation of axial bearing capacity of the circular stub columns. It is assumed that
the two parts of stub column (i.e., FRP tube and ice core) simultaneously reach their peak loads under
axial compression. The axial bearing capacity Nu of circular IFFT and IFSFT stub columns can be
calculated as:
(1) 𝑁𝑢 = 𝑓𝑓 𝐴𝑓 + 𝑓𝑖𝑐' 𝐴𝑖
where Af and Ai are the actual cross-sectional areas of normal or self-luminous FRP tubes and ice cores,
respectively; ff is the longitudinal compressive strength of FRP tubes, and its value is 51.7 MPa for
normal FRP tubes and 43.8 MPa for self-luminous FRP tubes by averaging the test results of all FRP ring
specimens in this study. It should be noted that ff was obtained based on FRP rings’ peak loads divided
by their actual cross-sectional areas because the axial bearing capacity of FRP tubes in the
perpendicular direction to fibers depends on the contribution of the matrix [53]. Compared with normal
FRP rings, self-luminous FRP rings have similar bearing capacity (Fig. 11) but larger actual wall thickness
(Table 1), leading to a smaller compressive strength in the direction perpendicular to fiber direction for
self-luminous ones. 𝑓𝑖𝑐' is the compressive strength of confined ice, which is calculated based on linear
regression, as shown in Fig. 16 and Eq. (2). It can be seen that Eq. (2) does not satisfy the boundary
condition of zero confinement, which might be attributed to the complex nature of confined ice. It
should be noted that the number of circular IFFT and IFSFT stub columns investigated in this study is so
small that linear regression equation of confined ice is relatively rough. Therefore, a more accurate and
reasonable stress vs. strain relationship of confined ice needs to be developed based on more test
results and theoretical analysis in the future study.
𝑓'

𝑓

(2) 𝑓𝑖𝑐' = 1.65 + 1.23 𝑓'𝑙
𝑖𝑜

𝑖𝑜

where 𝑓𝑖𝑜' is the compressive strength of unconfined ice (2.9 MPa in this study); fl is the lateral
confining pressure provided by FRP tube to ice core at FRP rupture, which is given by
(3) 𝑓𝑙 =

2𝐸𝑓 𝑡𝜀ℎ,rup
𝐷

where Ef is the hoop tensile elastic modulus of normal or self-luminous FRP tube; t is the nominal or
actual thickness of FRP tube corresponding to the value of Ef ; D is the diameter of ice core; εh,rup is the
hoop rupture strain of FRP tube and given by
(4) 𝜀ℎ,rup = 𝑘𝜀 𝜀𝑓
where εf is the average ultimate strain of normal or self-luminous FRP laminates based on flat coupon
tensile tests. kε is a strain efficiency factor of FRP proposed by Pessiki et al. [54] to account for the
difference between hoop rupture strain of FRP tubes obtained from FRP-confined concrete
compression tests and ultimate strain measured from flat coupon tensile tests. The values of kε of
GFRP tube in IFFT and IFSFT specimens are shown in Fig. 17. The average value of kε is 0.55 for all IFFT
and IFSFT specimens investigated in this study, which is surprisingly equal to that of CFFT specimens
(using filament wound GFRP tube) [42] although ice and concrete are two very different material.

Fig. 16. Regression of compressive strength of confined ice.

Fig. 17. Strain efficiency factor of FRP tubes in IFFT and IFSFT specimens.
Comparisons of axial bearing capacity between calculated and experimental results are presented
in Fig. 18. It can be seen that the calculated axial bearing capacity Nu using Eqs. (1)–(4) is generally
close to the experimental axial bearing capacity Ne. The ratios of Nu/Ne are between 0.9 and 1.1, which

indicates that the proposed equations perform well for the calculation of the bearing capacities of both
IFFT and IFSFT stub columns under axial compression.

Fig. 18. Comparisons of axial bearing capacity between calculated and experimental results.

5. Conclusions
This paper explores an innovative design of ice-filled self-luminous FRP tubular (IFSFT) column as a
compression and self-luminous functional member for temporary structures in cold regions. Material
properties of self-luminous FRP laminates and axial compressive behaviors of circular IFFT and IFST
stub columns were experimentally investigated. According to the test results and discussions
presented in the previous sections, the following conclusions can be drawn:
1. The addition of self-luminous powders into FRP laminates has a very slight weakening effect on
their tensile properties, including elastic modulus, tensile strength and ultimate strain.
2. The luminance of self-luminous FRP laminates decays in a logarithmical manner with the time
after activation. The luminance decay time is predicted as 73,940 min and 144,263 min for the
laminates with 40% and 80% weight ratio of self-luminous powders, respectively.
3. The axial compressive behaviors of IFFT and IFSFT stub columns with the same FRP layers in FRP
tubes are very close to each other, indicating that the modification of self-luminous powders in
FRP tubes has little influence on the compressive behavior of IFSFT stub columns.
4. The elastic modulus, compressive strength and corresponding peak strain of confined ice in IFFT
and IFSFT specimens have been dramatically improved compared with those of unconfined
plain ice. The compressive strengths of confined ice approximately linearly increased with the
number of FRP layers in FRP tubes within the range investigated in this paper, while the elastic
modulus and peak strain of confined ice are not significantly influenced by FRP layer in FRP
tubes.
5. A simplified equation is proposed to evaluate axial bearing capacity of circular IFFT and IFSFT
stub columns, and the calculated results are in reasonable agreement with the test results
(relative errors within ± 10%).
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